This study investigated if genetic diversity among cauliflower cultivars (white 'Xenia' F 1 , green 'Vitaverde' F 1 , purple 'Graffiti' F 1 , orange 'Sunset' F 1 , romanesco 'Celio' F 1 ) and transplant chilling are reflected in the content of 17 elements in mature curds. Transplants at 40 days after sowing were exposed to 4 °C (chilling) and 18 °C (control) for 7 days and then planted in the field till harvest maturity. The lowest Ag, Al, Co, and Li contents were found in 'Celio' F 1 cauliflower, which also had the highest Ba and Sr levels. Orange curds of 'Sunset' F 1 were the richest in Al, and high in Li, Sc, and Sn. Chilling applied to the transplants increased Ag, Ba, Co, Sc, Sr, and Tb, and decreased the Y content of mature curds. Transplant chilling can permanently alter plant metabolism, and subsequently may affect the mineral composition of the curds.
Results
Among the cauliflower cultivars tested, the lowest contents of Ag, Al, Co, and Li were found in romanesco curds of 'Celio' F 1 cultivar (Fig. 1) . The highest content of Al was determined in curds of 'Sunset' F 1 . Orange curds of this cultivar contained 86.2% more Li than romanesco plants. The Ba content was highest in 'Celio' F 1 compared to the other cultivars studied, but mainly in purple cauliflower ('Graffiti' F 1 ), which accumulated 30% less Ba than 'Celio' F 1 . The Sc concentration was higher in cauliflower that formed orange curds ('Sunset' F 1 ), but differences were significant only in comparison to the 'Xenia' F 1 cultivar. Treating transplants with low temperature (4 °C) subsequently increased the average content of Ag, Ba, Co, and Sc in the curds, by 15.6%, 5.0%, 21.2%, and 54.5%, respectively; however, there was no effect of temperature on Al and Li (Tables 1 and 2 ). The results indicate that the contents of the elements analyzed were also controlled by interaction effects (Fig. 1 , Table 2 ). The interaction effects for Ag and Co concentration were most apparent in 'Vitaverde' F 1 cauliflower, with the average increase in these elements, due to an early low-temperature treatment, amounting to 132.7% and 172.4%, respectively. Interaction effects were most significant for Sc accumulation in 'Vitaverde' F 1 and 'Sunset' F 1 cultivars, where the low temperature increased the Sc content by 280.0% and 116.7%, respectively, compared to plants subjected to the control temperature (18 °C) .
The contents of Sm, Sn, Sr, Ti, and Yb were significantly different among cauliflower cultivars, but genotype did not play a role in regulation of the Ce level (Fig. 2) . Sm contents were lowest in 'Celio' F 1 and 'Xenia' F 1 cauliflower, but only when compared with purple-curded 'Graffiti' F 1 plants. The Sn concentration was higher in 'Sunset' F 1 cauliflower, but differences were significant only relative to 'Vitaverde' F 1 and 'Graffiti' F 1 (green and purple morphotypes, respectively). The highest Sr content was found in 'Celio' F 1 cauliflower, while significantly lower levels of this element were determined particularly in curds of 'Graffiti' F 1 and 'Sunset' F 1 cultivars, by around 33.1% and 31.4%, respectively. 'Celio' F 1 had the highest amount of Yb, but only in comparison to 'Vitaverde' F 1 and 'Sunset' F 1 cultivars. Conversely, the romanesco 'Celio' F 1 had significantly less Ti than the other cultivars (except 'Xenia' F 1 ). Averages for the temperature effect alone showed that only the Sr content was significantly affected by transplant chilling, which caused an 8.1% increase in its level vs. the control plants ( Table 1 ). The interaction effect influenced the accumulation of Sm, Sr, Ti, and Yb (Fig. 2, Table 2 ). In four of the five cultivars tested, the low temperature applied to the transplants increased the Sr level in the curds; the exception was 'Xenia' F 1 cauliflower. A significant increase in Ti occurred in 'Vitaverde' F 1 cauliflower chilled during the transplant stage (by 70.5%), while for chilled purple-curded plants ('Graffiti' F 1 ), Yb was significantly increased (by 220.0%, on average).
There were no significant effects of cauliflower genotype on the accumulation of Dy, La, Sb, Tb, and Y in the curds, with all cultivars displaying statistically similar levels of these elements (Fig. 3) . No effect of transplant chilling on Dy, La, and Sb content was observed, but Tb was increased by 52.6%, on average (Table 1) . Conversely, when low temperature was applied to the plants at the juvenile stage, the level of Y was decreased significantly compared to the control (by 31.4%). The interaction effects were important only for Dy and Y (Fig. 3 , Table 2 ). Curds of the control 'Xenia' F 1 plants had significantly more Y (by 215.8%, on average) than cauliflower plants chilled at the transplant stage. The greatest difference in Dy content was observed between control 'Celio' F 1 plants, which had more Dy (by 113.3 and 77.8%, on average) than control 'Vitaverde' F 1 and chilled 'Graffiti' F 1 cauliflowers, respectively.
PCA was done to investigate differences among cultivars in the accumulation of chemical elements (Fig. 4) . The data revealed that PC1 and PC2 accounted for 73.4% of the total variance within the data set, contributing 53.1% and 20.3%, respectively. PC1 allowed differentiation between 'Celio' F 1 (romanesco curds) and all other cauliflower genotypes tested. PC2 clustered 'Vitaverde' F 1 and 'Graffiti' F 1 cultivars on the negative side, while 'Xenia' F 1 and 'Sunset' F 1 cultivars were placed in the upper right quadrant (Fig. 4) . Ag (0.979), Co (0.929), Li (0.911), Ti (0.931), Sb (0.907), and Al (0.684) contributed highly to PC1 but were inversely correlated with Ba (−0.966), Sr (−0.957), Dy (−0.943), and Yb (−0.727). PC2 was directly correlated with Sn (0.928), mainly, but also with Ce (0.763) and La (0.717). Given the positive loading of PC1 with the elements mentioned above, it is www.nature.com/scientificreports www.nature.com/scientificreports/ possible to conclude that the 'Celio' F 1 cultivar is characterized by low Ag, Co, Li, Ti, Sb, and Al content but high levels of Ba, Sr, Dy, and Yb.
There were some significant relationships among the chemical elements analyzed (Fig. 5) . Inverse correlations were found between the contents of Ag and Ba, and Sr and Dy, whereas positive associations occurred between Ag and Co or Ti. Ba was negatively correlated with Co and Ti, but positive associations were observed for Ba and Sr or Dy. The Sr content had a significantly negative correlation with Co and Ti, and likewise for Dy and Co, and Ti and Sb. The latter was also negatively correlated with Yb.
Soil contents of trace elements, as well as pH and EC before planting and after harvest are presented in Table 3 . Soil content of Al, Ba, Sm, Yb, Dy, La and Y increased significantly during growing season, while content of some other elements (Li, Sc, Sr, Ce, Sb, Tb) decreased. There were no significant changes for Co, Sn and Ti in the 0-30 cm deep soil layer. Soil samples collected after plant cultivation had lower pH values compared with the samples taken before experiment. On the other hand, soil electrical conductivity (EC) significantly increased in the soil during cauliflower growth.
Discussion
Reasons for diversity in TEs accumulation by plants. The bioavailability of chemical elements for plants depends on the physicochemical properties of the soil, other environmental conditions like microclimate, the plant genotype itself, and plant × environment interactions 11 . The entry of TEs, including REEs, into the biological environment is increasing due to different anthropogenic activities: from industry to extensive Figure 1 . Content of Ag, Al, Ba, Co, Li, and Sc in cauliflower curds depending on the cultivar (CV: XE -white 'Xenia' F 1 , VV-green 'Vitaverde' F 1 , GF -purple 'Graffiti' F 1 , SU -orange 'Sunset' F 1 , CE -romanesco 'Celio' F 1 ) and temperature (T: 4 °C, transplant chilling; 18 °C, control). Means followed by different capital letters for cultivar effects (CV; white columns), and lower-case letters for interaction effects (CV × T; grey columns) are significantly different at p ≤ 0.05, n = 4. No letter denotes no significant difference between means. Comparisons performed using Tukey's honestly significant difference test. Error bars represent ± standard deviation (SD).
www.nature.com/scientificreports www.nature.com/scientificreports/ agriculture 21, 22 . An example is application of REEs as fertilizers in East Asian countries, which might cause spreading of these metals in ecosystems 18, 19 . Many studies have revealed that there is a large degree of variability in processes such as uptake, translocation, and accumulation of certain chemical elements in vegetable species, and even at the cultivar level 2, 5, 23, 24 . These processes involve multiple molecular components including transporters, channels, chelators, and the genes that encode and regulate them 25 . It is well established that the accumulation of chemical elements in plants is controlled by one specific gene or group of genes; some studies have shown that the elemental composition of a plant tissue is highly plastic but tightly controlled by genes and gene × environment interactions 25 . Basically, trace elements can be classified in terms of the observed level of accumulation in plants 11, 26 . This classification, however, may change: components of variation in the elemental composition of plants, including physiological mechanisms and morphological features related to the genetic background, were described by Baligar et al. 27 . Briefly, the ability of a particular plant to gather certain elements is determined by root depth and morphology, retention of the elements in the roots, biomass production and shoot demand, internal transport in the plant, the presence of intracellular binding sites, vacuolar sequestration, and the activity of elemental transport through cell membranes 21, 28 . Availability of elements to the plants depends on uptake processes and the transport of the elements to the above-ground parts. Additionally it may result from an inherently low element status of soil, low mobility of elements within soil, poor solubility of the given chemical form of the elements, production of exudates by plant roots mobilizing elements, or the soil-microbe-plant interactions 29 . Differences in the ability of the plant genotypes to access soil elements include differences in the surface area of contact between roots and soil and in the composition and amount of root exudates and interaction of roots with microorganisms, all of these resulting in differences in the chemistry and biology of the rhizosphere 30 .
Genetic variability in the content of trace elements in cauliflower and other Brassicas. The cauliflower cultivars examined in the present experiment are phenotypically diverse, so planning the experiment, we believed that the chemical composition of the unique edible organs of cauliflower -curds -would be different. Only Figure 2 . Content of Sm, Sn, Sr, Ti, Yb, and Ce in cauliflower curds depending on the cultivar (CV: XE -white 'Xenia' F 1 , VV-green 'Vitaverde' F 1 , GF -purple 'Graffiti' F 1 , SU -orange 'Sunset' F 1 , CE -romanesco 'Celio' F 1 ) and temperature (T: 4 °C, transplant chilling; 18 °C, control). Means followed by different capital letters for cultivar effects (CV; white columns), and lower-case letters for interaction effects (CV × T; grey columns) are significantly different at p ≤ 0.05, n = 4. No letter denotes no significant difference between means. Comparisons performed using Tukey's honestly significant difference test. Error bars represent ± standard deviation (SD). Therefore, we screened cultivar effects within cauliflower plants for the accumulation of 17 elements in total (Ag, Al, Ba, Co, Li, Sn, Sr, Ti, Sb) including REEs (La, Ce, Sm, Tb, Dy, Yb, Sc, Y), filling a gap in the literature data. We found that accumulation of most of the chemical elements varied markedly between cauliflower genotypes, which resulted from the reasons described above and in the following sub-sections. www.nature.com/scientificreports www.nature.com/scientificreports/ Group 1 element -Li. Plants belonging to the Brassicaceae family are not considered accumulators of Li, but some genetic differences have been documented; this element is present at a higher concentration in cabbage plants than in Brussels sprouts 10 . We found significant differentiation in Li content between some cauliflower cultivars of colored curds. Li can be connected to the metabolism of photosynthetic pigments. Although interactions between Li and photosynthetic pigments are unknown, Makus et al. 31 noted that Li application reduced the leaf chlorophyll a:b ratio in spinach and mustard leaves. 33 . Some genotypic differentiation in these alkaline metals shown by Bibak et al. 10 points to cabbage as a plant with a higher content of both of these elements than Brussels sprouts. Watanabe et al. 33 found some differences in Sr and Ba concentration between commercial cultivars of bok choy (Brassica rapa var. chinensis) and komatsuna (Brassica rapa var. perviridis).
Group 3 elements -Sc and Y.
Sc and Y are often included with the REEs because these two metals have similar properties to REEs, and they occur together with LAs in ores. In experiment, Sc occurred in cauliflower curds within the range documented by Sager 34 as typical for green plants (0.012-0.261 mg·kg −1 DW). The concentration of Sc in plants is rather stable, and roots usually accumulate 10 times more Sc than leaves 35 . Our observations point to 'Sunset' F 1 cauliflower as the cultivar accumulating this element more than 'Xenia' F 1 cauliflower. There is a paucity of data on Sc content in vegetable crops, but differentiation in Sc between higher plant species is known 36 . Sager 34 determined 0.004-0.805 mg Y·kg −1 DW in green plants, and this range is in agreement with our results. Y is accumulated mostly in the roots, then in the leaves, and least in the stem. We did not find any significant differentiation in Y concentration between cauliflower cultivars in the curds, but different plant species may accumulate this element to a different extent 37 .
Lanthanides (La, Ce, Sm, Tb, Dy, Yb). Among the LAs investigated, so-called light rare elements (La, Ce, and Sm) are more basic, soluble, and mobile than heavy rare elements (Tb, Dy, and Yb). There are some reports on the stimulating impact of LAs on several processes in plants, but these elements have not yet been proved to be essential 11, 18 . Ding et al. 38 and Wen et al. 12 observed accumulation of LAs in various plant parts, in the descending order of roots > leaves > stems > grains. From the current study, we can conclude that cauliflower curds are the organ with the least accumulation of LAs because REEs could be retained by roots, and only small portions reached other parts of the plants. Bibak et al. 10 noticed a higher concentration of LAs in cabbage than in Brussels sprouts, resulting in genotypic differentiation within B. oleracea L. Wen et al. 12 found higher contents of La, Ce, Sm, Tb, Dy, and Yb in Chinese cabbage in comparison to cabbage. Our results provide additional information, in that within the cauliflower cultivars, only Yb and Sm were significantly differentiated, and larger amounts of these elements were found in 'Celio' F 1 and 'Graffiti' F 1 cultivars, respectively.
Group 4 element -Ti.
Ti is considered as beneficial for plant growth, and its level in plants varies considerably from 1.0 to 578.0 mg·kg −1 DW 14 ; the content in the cauliflower curds seems to be at the lower end of this range. Smaller amounts of Ti were found in 'Celio' F 1 plants compared to most other cauliflower cultivars, which indicates that the content of this element is dependent on the genetic specificity of plants, which was shown for different vegetable crops species by Lyu et al.
.
Group 9 element -Co. In plants, the Co concentration ranges from 0.1 to 10 mg·kg −1 DW 35 ; therefore, the cauliflower curds had an elevated Co content. Ekholm et al. 2 showed different levels of Co between Brassica crops (cauliflower, broccoli, and cabbage); of the cauliflower cultivars tested, 'Celio' F 1 had the lowest content of that element, which indicates that uptake and distribution of Co is also cultivar-dependent.
Group 11 element -Ag. Kabata-Pendias 11 described that Ag bioaccumulation decreased according to the order of shoot > root and the plant concentrations ranged from 0.03-0.5 mg•kg -1 DW (the Ag concentration in cauliflower curds was at the top of this range). Ag can substitute for K + sites in membranes and, thus, inhibit the absorption of other cations by roots. There is some evidence that Ag nanoparticles and AgNO 3 treatment increased the total carotenoids in Solanum tuberosum explants 39 , however, the mechanism of Ag involvement in the metabolism of photosynthetic pigments needs future research. The current data conveyed a significantly higher Ag level in orange 'Sunset' F 1 cauliflower than the other cultivars studied.
Group 13 element -Al. The average Al level in plant tissues is about 0.2 mg·kg −1 DW. Miller-Cebert et al. 40 did not observe significant differences among Brassica napus cultivars; however, canola accumulated much more Al than all the other crops tested (cabbage, collard, and kale). Low Al levels can affect plant growth beneficially, especially Al-tolerant plant species. The Al tolerance of 11 species in six genera of the Brassicaceae indicates highly significant differences among them 41 42 who demonstrated that short exposure and/or small Al concentrations have a positive effect on the carotenoid pigments of potato.
Group 14 element -Sn.
Sn may have an essential role at very low concentrations 43 . Kabata-Pendias 11 found that Sn exists in crops at <0.1 mg·kg −1 DW. Sn shows low availability in soil and is not found in all plants. In comparison, we determined a high amount of Sn in cauliflower curds, especially in the 'Sunset' F 1 cultivar. This shows that a specific cultivar may provide significant contributions to the intake of Sn.
Group 15 element -Sb. Another element, Sb, is considered a non-essential metal; it is relatively easily absorbed by plant roots when it is present in soluble forms. Hammel et al. 44 examined Sb transfer into 19 crop species and detected 0.09 mg Sb·kg −1 DW in grains and other storage organs, whereas the maximum Sb concentrations in shoots and leaves were 0.34 and 2.20 mg·kg −1 DW, respectively. Hence, the Sb concentration in cauliflower curds was within cited limits. However, we did not find any effect of cultivar on the level of Sb in cauliflower, but genotypic variability exists among edible plants species 45 .
TEs content in cauliflower curds as affected by transplant chilling. The present results indicate that plant metabolism may be changed due to chilling, which was reflected in an altered concentration of some chemical elements in mature cauliflower curds compared to that in untreated plants. Notably, chilling caused a significant increase in the content of several elements: Ag, Ba, Co, Sc, Sr, and Tb. Among them, Co is considered as essential in small amounts, participating in several physiological processes occurring in plants, particularly in N fixation by legumes 11 . Although the toxic effect of Ag on plants is well documented 46 , the physiological role of this chemical element is unknown, thus it is difficult to explain an increase of Ag content in chilled plants. Both Sr and Ba increased as a result of the chilling treatment of plants. Sr has chemical properties similar to Ca, and it can replace Ca, but it is not essential for plant growth 11 . Williams & David 47 showed that the proportion of Ca to Sr in plant material is similar to that in a water extract of the soil; this suggests that these two ions are taken up by plants through the soil solution, without any marked discrimination between them. Ba is physiologically inactive in plants under normal circumstances, and its soluble salts are highly toxic; however, Ba is also a competitor to Ca and Sr, and can be taken up even preferentially by plants in comparison to Sr 33, 48 . As was observed in an earlier study 9 , chilling of transplants causes an increase in Ca concentration in cauliflower curds. Perhaps these relationships explain the higher accumulation of Sr and Ba in chilled cauliflower.
Transplant chilling increased the accumulation of some REEs, namely Sc and Tb, in the curds of cauliflower, but decreased the content of Y, often considered as an REE. The remaining REEs were not affected by chilling of juvenile plants. Pang et al. 18 described some effects of REEs, applied at low concentration, in mitigating abiotic stress of plants and supporting their antioxidant potential. Hu et al. 49 in their review discussed the physiological interaction of REEs with Ca, effects on the structure and function of cytoplasm membranes, photosynthesis, hormone metabolism, enzyme activity, and water use efficiency. Although our data do not confirm any physiological role of some REEs, a relationship of Sc, Tb, and Y content with some physiological processes occurring in the plants cannot be excluded.
Chilling causes immediate changes in the plant organism, associated with substantial changes in metabolic pathways, including increased activity in the detoxification of reactive oxygen species 50 . Several non-enzymatic, as well as enzymatic, compounds, and even some chemical elements, present in plant tissues are reported to confer tolerance against abiotic stresses 11, 16, 18, 51, 52 . In many plant species, a period of mild exposure to stress stimulus may prime a plant against future stress or promote an acclimated state that may persist until a subsequent exposure 53 . The primed state is maintained over several days to weeks, implying that plants have some type of stress memory; after that, some stress-induced modifications revert to the initial level once the stress factor is removed, but some alterations in plant metabolism seem to be stable and more long-lasting 20, 54 . One possible manifestation of somatic stress memory is modified plant growth and metabolism resulted from epigenetic switch 54 , altering the uptake, distribution, and accumulation of chemical elements. This was observed by Sękara et al. 55 who showed that chilling of transplants affected the levels of mineral nutrients in the fruits of previously stressed eggplants. As we noticed, chilling of the transplants affects the content of some chemical elements in mature curds of cauliflower, which is an evidence of long-lasting alterations in plant metabolism, but the mechanism by which accumulation of the elements is changed may be an interesting target for future research. Plant acclimation can be indicated by a reduced growth early in chilling period followed by higher growth rate after exposure to moderate chilling 56 . We think that faster growth of acclimated plants in the next stages of ontogeny increases shoot demands for elements, and together with higher water uptake and root hydraulic conductance of chilled plants 57 it may result in greater uptake of the trace elements, including REEs, from the soil to plant organs. However, not only uptake processes are important, because maintaining the primed state requires the allocation of resources 54 . Different transport systems can be used by plants to allocate specific elements from roots to shoots and distribute between aboveground tissues of particular morphology and functions 58 . Thus, final accumulation of elements in plant tissues may be a result of their direct involvement in acclimatization processes 18, 49 , distribution and dilution in the tissues on the subsequent stages of ontogeny as well as may be linked to interactions between nutrients and tested elements 59 .
Changes in elements content in the soil during growing season. The interaction of geochemical, climatic and anthropogenic factors has superior influence on the bioavailability of trace elements in the soil environment during plant cultivation. As a consequence, the degree of bioaccumulation of trace elements by plants changes. Short-and long-term fluctuations in bioavailability of trace elements are commonly observed in the soil environment 26 . Short-term fluctuations include differentiated bioavailability of trace elements in soil during crops growth. They depend on physical, chemical, biochemical and microbiological soil factors (soil texture, pH, EC, (2019) 9:5416 | https://doi.org/10.1038/s41598-019-41946-z www.nature.com/scientificreports www.nature.com/scientificreports/ Eh, CEC, SOM content etc.) as well as the applied fertilization (mineral and organic) and the course of climatic conditions (amount and distribution of rainfall and soil temperature). The physiological processes of plant roots, e.g. root exudations, have a large impact on short-term fluctuations in bioavailability of trace elements in soil 11, 26 . In the studies of Wen et al. 12 , REEs fertilizer was used in cultivation of cucumber, tomato, Chinese cabbage, cabbage, radish and kidney bean. On the basis of the results, the authors did not recommend fertilizing with REEs due to the significant accumulation of Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Ne, Pr, Sm, Tb, Tm, Y, Yb in vegetable crops -from bioavailable soil resources. The significant pH decrease and increase in soil EC after cultivation observed in our research was associated with applied mineral fertilization, root exudates, especially organic acids, as well as microbiological destruction of organic matter 60 . With lowering of pH the availability of most elements increased in line with vegetation progress.
Curds of cauliflower absorbed all the elements analyzed within this study, i.e. Ag, Al, Ba, Co, Li, Sc, Sm, Sn, Sr, Ti, Yb, Ce, Dy, La, Sb, Tb, Y (Figs 1-3) . As a consequence, a significant amount of TEs was harvested from the field with the curds (Tables S1-S3 ). It should be emphasized that total uptake of the elements by the cauliflower showed generally similar relationships with the experimental factors as the element contents in curds expressed in mg•kg -1 DW. In the soil, some of the elements showed a negative balance (Li, Sc, Sr, Ce, Sb, Tb), parts of them positive balance (Al, Ba, Sm, Yb, Dy, La and Y) while Co, Sn and Ti showed no significant differences in their content before and after cultivation of plants (zero balance) - Table 3 . For elements with a negative balance in the soil after cultivation, their uptake by cauliflower plants was greater than the changes in the degree of bioavailability (short-term fluctuations). That could be due to the active bioaccumulation by cauliflower root system. In the case of elements with a positive balance in soil, the uptake and absorbing them by cauliflower curds from the soil was lower than the increase in the degree of their bioavailability resulting from the soil processes or their introduction to soil with fertilizers. On the other hand, in the case of elements with zero balance, the plant uptake was balanced by the factors discussed above.
Application of organic, mineral and mineral-organic fertilizers, which contain the ballast trace elements and rare earth elements leads to enriching the soil in these two groups of elements [61] [62] [63] . Depending on the content of particular elements in fertilizers, their inflow to the soil may be equal to or greater than the degree of their uptake and removal from the soil with the plant yield. This can be a reason for the positive balance of Al, Ba, Sm, Yb, Dy, La and Y as well as zero balance of Co, Sn and Ti. In the present experiment, the available and reserve fraction of all seventeen elements was analyzed through extraction with 1 M HCl solution from the soil samples before and after cultivation of cauliflower. Therefore, the content of potentially available and readily soluble elements was monitored, not their total content in the soil. The positive or zero balance of TEs/REEs was probably the result of the supply with fertilizers and/or processes biochemical processes in the rhizosphere that occurred during cultivation of the plants.
Chemical elements in the soil-plant interface. Final element concentrations in cauliflower curds depended also on plant growth and biomass formation, root morphology as well as on root activity involving rhizosphere interactions with soil microflora 64 . Bacteria may influence elements uptake through: increase of root surface area and hair production, increase element availability, and/or increase soluble element transfer from the rhizosphere to the shoots 65 . The influence of bacterial activity in rhizosphere on elements solubility has been reviewed by Gadd 66 . Microbes can modify elements mobility and bioavailability through several mechanisms: the release of chelating agents (e.g. organic acids, phenolic compounds, siderophores) and acidification or redox changes in the rhizosphere 67, 68 . Sessitsch et al. 65 claimed that mobilization of TEs and REEs by microbes can be achieved by acidification, chelation and ligand-induced dissolution. Plant uptake of REEs and other insoluble elements seemed to be linked to such ability of a plant to access a certain element pool in soils. Thus final elemental composition of the genotypes is strongly influenced by plant-enhanced mobilization of the elements in the rhizosphere.
Conclusions
The study demonstrated variability in the accumulation of most of the elements analyzed among cauliflower cultivars. The 'Celio' F 1 cultivar presented the lowest Ag, Al, Co, and Li concentrations, and the highest levels of Ba and Sr. These elements, not taken in large quantities by 'Celio' F 1 , belongs to alkali metals (Li), alkaline earth metals (Ba, Sr), and transition metals (Co, Ag), the only exception in this case is Al. 'Sunset' F 1 cauliflower tended to accumulate more Al, Li, Sc, and Sn than the other cultivars. The 'Graffiti' F 1 plants contained more Sm than white and 'Celio' F 1 genotype. Complex activity of cauliflower rhizosphere affected the availability and uptake of investigated elements, reflected by positive, negative or zero balance of their content in the soil. Moreover, the xylem transport via root and shoot and distribution between leaves and growing curds influenced the final content in harvestable parts, highly genotype-depended. REEs and Ti form almost insoluble binding forms and they are poorly available to the plants. Therefore the availability of REEs and Ti may be affected by individual genotypes ability to modify rhizosphere biochemistry. The final level in cauliflower curds of elements with high mobility in the soil (e.g. Li) depended on internal physiology of ions transport, also differentiated between genotypes. Low-temperature treatment induced marked changes in the content of the elements in the cauliflower curds, increasing the levels of Ag, Ba, Co, Sc, Sr, and Tb, and decreasing the concentration of Y. Mechanisms by which the trace elements mediate or are mediated by abiotic stress are substantial but are not well known. The effectiveness of the antioxidant mechanism in plants depends on the intensity and duration of the stress factor. Trace elements are able to enhance the antioxidant system and support osmotic balance. Differences in TEs accumulation were noticeable in the mature cauliflower curds, long after the treatment of low temperature, which should be considered as plant stress memory. 
Methods
Plant material and chilling treatment. Five cauliflower (B. oleracea L. ssp. botrytis) cultivars: white 'Xenia' F 1 (Enza Zaden), green 'Vitaverde' F 1 (Rijk Zwaan), purple 'Graffiti' F 1 (Syngenta Seeds), orange 'Sunset' F 1 (Clause Vegetable Seeds), and green/pyramidal romanesco 'Celio' F 1 (Clause Vegetable Seeds) were examined. The seeds were germinated and grown for 40 days at optimal temperature (24 ± 2 °C) until emergence (4 days after sowing), and then placed in a greenhouse (18/15 ± 2 °C day/night). Afterward, transplants were transferred to a vegetative growth chamber set at 4 °C (day/night) and, in the case of the controls, to a chamber set at 18 °C, for 7 days. In all instances, the growth chambers were maintained at 75% relative humidity and a 14-h photoperiod at a photosynthetic photon flux density of 300 μmol·m − The experimental design used to evaluate cauliflower chemical composition was a split-block (strip-plot); temperature was the horizontal-strip plots, and cultivar was the vertical factor (vertical-strip plots), with three replications (blocks). Cultivars were randomly assigned to these strips within each replication. Plant spacing was 50 × 45 cm, and a single plot with an area of 9 m 2 contained 30 plants (plants for sampling plus the two outermost rows to eliminate border effects). The soil type was a Fluvic Cambisol (Humic). Soil pH (H 2 O) was 6.69, salinity was 0.50 g NaCl per cubic decimeter of soil, and organic matter was 2.76%. Tillage, irrigation, fertilization, weed management, and plant protection were conducted in agreement with the requirements of good horticultural practice. Fertilizers were applied based on soil test analyses, to achieve 140 mg N, 60 mg P, 200 mg K, 70 mg Mg, and 1500 mg Ca in 1 dm 3 soil. The following fertilizers were applied to the soil before transplanting: 50% of the N dose: nitrochalk (13.5% N-NO 3 , 13.5% N-NH 4 , 2.0% CaO, 4.0% MgO) from Grupa Azoty SA (Poland), and twice during plant vegetation (25% dose of N per application) as calcium nitrate (14.5% NO 3 , 1.0% NH 4 , 19.0% Ca; CalciNit, Yara International ASA, Poland). P was applied as single superphosphate (19% P 2 O 5 , 25% CaO; 32% SO 3 ; Siarkopol, Poland), and K as potassium chloride (60% K 2 O; Luvena SA, Poland). The Ca source was fodder chalk (Jaro SA, Poland) containing 93% Ca in the form of calcite (CaCO 3 ). Borax (Na 2 B 4 O 7 ·10H 2 O; Brinkman, Poland), containing 11.3% B, was applied at a dose of 15 kg·ha Plant sampling and analyses. We investigated the content of Ag, Al, Ba, Co, Li, Sn, Sr, Ti, Sb, and all rare-earth elements. In the manuscript we showed only REEs successfully detected by ICP-OES (La, Ce, Sm, Tb, Dy, Yb, Sc, Y). Selected elements represent various groups of periodic table and they belong to different groups in relation to the accumulation availability by plants. Curds were harvested from 7 June to 1 July 2013 and from 23 June to 18 July 2014. Plant samples were collected during full harvest, and involved matured and healthy-looking curds, characteristic for each cultivar. Curds were cut into pieces and dried at 70 °C in a dryer with forced air circulation. Then, the plant material was ground into a fine and non-fibrous powder using a Pulverisette 14 ball mill (Fritsch GmbH, Germany) with a 0.5-mm sieve. Next, 0.5 g samples were placed in to 55 ml TFM vessels and were mineralized in 10 ml 65% super pure HNO 3 (Merck no. 100443.2500) in a Mars 5 Xpress (CEM, USA) microwave digestion system 69 . The following mineralization procedure was applied: 15 min. time needed to achieve a temperature of 200 °C and 20 minutes maintaining this temperature. After cooling, the samples were quantitatively transferred to 25 ml graduated flasks with redistilled water. Contents of mentioned elements were determined using a high-dispersion inductively coupled plasma optical emission spectrometer (ICP-OES; Prodigy Teledyne Leeman Labs, USA) 70 . The spectrometer was calibrated using Merck's ICP multi-element standard no. VI and no. XVI as well as Inorganic Ventures ICP (single element standard of Sn and multi-element of Rare69 element group). Each sample was measured four times. During the analysis of elements, the following parameters of the ICP-OES spectrometer were used. For an equipment: torch Dual View "3 slot" (quartz); normal slit (40 × 100 µm); type of nebulizer "High Solids Concentric Sea Spray"; spray chamber "Cyclonic with Knock-Out" (glass) 50 ml; entry tubes "2-Stop PCV Tubes 12' Ø 0.76 mm" as well as exit tubes "2-Stop PCV Tubes 12' Ø 1.14 mm". For an operating parameters: RF Power 1.4 kW; pruge of optics "Low"; pump flow rate 1.4 ml·min −1 ; gas argon flow rates "Coolant" 18 dm 3 ·min −1 , "Auxiliary" 0.9 dm 3 ·min −1 , "Nebulizer" 35 Psi. For an analytical settings: time of uptake 60 s (adjusted to tubes length); standard uptake without using option "Fast uptake"; Integration no. We also calculated the mean of total trace elements concentration in cauliflower curds based on the average weight of the curds, the dry weight content and the concentration of elements in the dry weight (Tables 1S-3S) which reflects plant accumulation capacity.
